Seven European national metrology institutes and one commercial laboratory participated in this international comparison of instrument voltage transformers in the range of primary voltage 5 kV up to 22 kV.
By result processing it was supposed that results of individual laboratories are not correlated. The comparison reference values (CRVs) and their uncertainties were calculated as weighted means. The consistency of the CRVs was checked using the χ 2 test and Birge ratio. The confidence coefficient E of individual laboratories was calculated for CRVs, which did not pass the Birge ratio test. Results of laboratories with E > 1,5 were not included in the calculation of the corrected CRVs.
The differences from the CRVs and their uncertainties presented in tables and graphs are the results of the comparison. The good results of this comparison prove the good calibration capabilities of the participants in the field of instrument transformers.
Introduction
AC voltage ratio is one of two basic parameters in the area of metrology of instrument transformers and it is very important for the measurement of electric energy. In trade with electric energy, the accuracy of measurement has to be ensured within given limits. To support the many transformer manufacturers relying on national standards as a source of traceability, the comparison of these standards at the European level is of great importance.
The relevant quantity for the measurement of high AC voltage is the ratio of the primary and secondary voltage for an instrument transformer, which is a complex value. The errors of this ratio are given as the ratio error and the phase displacement. These two quantities are the subject of this international comparison.
The Euromet project No. 599 titled "Comparison of voltage ratio standards" started in the beginning of June 2000 with participants from eight European countries including the Czech Metrology Institute (CMI) in Prague as pilot laboratory.
The participating laboratories were asked to follow their usual measurement procedure corresponding to their best measurement capabilities taking into account the allowed time frame for the comparison.
Participants
The participants and their affiliation, the eight institutes involved, are listed in Table 1 in order of the transfer standard circulation: Table 1 Euromet 599 -Final report -Draft B 4
Measured quantities
The measured quantities were the voltage ratio error ε U and the phase displacement δ U . The voltage ratio error ε U is defined as:
The phase displacement δ U is defined as the phase difference between the secondary voltage U S and the primary voltage U P ; it is considered as positive when the secondary voltage phasor U S leads the primary voltage phasor, 
Organization of the comparison
The transfer standards were transported in two wooden containers, screwed to the bottom and hold in place by styrofoam. It was not necessary to transport the standards personally because they are rather robust devices. Due to the well-constructed transport containers, no damage of the transfer standards occurred during the comparison measurement.
The time schedule of the comparison is apparent from Table 2 . The transfer standards were transported around the participating laboratories according to the planed schedule up to September 2001 when they arrived at the CMI in Prague where a second set of measurements was performed. At this point, the Spanish laboratory became interested in this project and the transfer standards were transported to Spain in June 2002. The transformers came back to the pilot laboratory at the end of July 2002 where a further set of measurements was scheduled. These measurements had to be postponed due to serious damages in the pilot laboratory after the flood in August 2002. Table 2 
Measurement methods and conditions
The measurements of the ratio error ε U and phase displacement δ U were performed at a frequency of 50 Hz and with a burden of B = 1 VA at unity power factor. The errors of the transfer standards were measured with (40, 60, 80, 100 and 120) % of the rated value U R of the primary voltage.
The participating laboratories performed the measurements according to three basic set-ups.
Method 1: Comparison with a standard transformer
The principle of this method lies in the comparison of a transfer standard with a standard instrument voltage transformer by means of a transformer test set for error evaluation.
Method 2: Comparison with a standard capacitive divider
The principle of this method lies in the comparison of a transfer standard with a standard capacitive divider by means of a transformer test set for error evaluation.
Method 3: Error evaluation by means of standard capacitors and comparator bridge
The ratio of the VT is measured by standard capacitors connected to a current comparator (CC) bridge. Currents through the standard capacitors are compared by means of a CC-bridge. After the CC-bridge is balanced, readings for the ratio and phase displacement are taken.
The participating laboratories and the methods used for the comparison measurements are given in Table 3 . Table 4 9. Results of measurement
1. Method of results evaluation
The participating laboratories reported the measurement results including uncertainties to the pilot laboratory CMI in Prague, where they were evaluated according to [1] . The pilot laboratory calculated the resulting comparison reference value (CRV) as the weighted mean according to the formula
where ε r , δ r are reference values for the ratio error and phase displacement,
results of ratio error and phase displacement of each participating laboratory,
standard deviations (standard uncertainties) of the ratio error and phase displacement results as reported by the individual laboratories, n is the number of participating laboratories.
The standard uncertainties of the CRV for the ratio error u(ε r ) and the phase displacement u(δ r ) are given by the formulae
The expanded uncertainties of the reference values for the ratio error U(ε r ) and the phase displacement U(δ r ) for a coverage factor k = 2 (95 % confidence level) are
The differences of the participant's results to the comparison reference values are given as
The uncertainties of these differences are
and the expanded uncertainties of these differences (k = 2) are given as
The credibility of the reference value and its uncertainty is characterized by the χ 2 test, given by
The well known Birge ratio is related to the χ 2 as follows:
The consistency is usually regarded as satisfactory if the probability of having a χ 2 greater than the observed one is smaller than 5 %. For 7 degrees of freedom (n = 8), the corresponding upper value for the observed χ 2 -test is 14,067 (deduced from the χ 2 -test distribution function). This corresponds to a value of 1,42 for the Birge ratio. Combining equations (8) and (9). the Birge ratio may be expressed as
2. Procedure for result evaluation
1) The CRVs ε r and δ r and their standard uncertainties u(ε r ) and u(δ r ) were calculated according to (2) and (3). These results are given in Tables 5 and 6 . 2) The χ 2 -test and Birge ratio R B were calculated for the individual CRVs and these results are given in Table 7 . The CRVs with R B > 1,42 are underlined.
3) The confidence coefficients were calculated for all laboratories where R B > 1,42 according to the following formulae
These confidence coefficients are given in Table 8 . Laboratories with E n > 1,5 are underlined.
4) The results of the laboratories with confidence coefficient E n > 1,5 were not included in the calculation of the corrected CRVs. Final reference values calculated without these laboratories are given in Tables 9 and 10 . Outlier results are underlined.
5) The χ 2 -test and Birge ratios R B for the final reference values were calculated and the results are given in Table 11 . It is obvious that all final reference values fulfill the required criterion R B < 1,42.
6) The resulting differences between the results of the individual laboratories and the final CRVs calculated according to (5) and their expanded uncertainties calculated according to (6) and (7) are given in Tables 12 and 13 .
Note: As the outliers (underlined) are no longer correlated with the CRV, the formulae for the uncertainties U(∆ε L ) and U(∆δ L ) change for the outliers; they become:
Graphical results from Tables 12 and 13 are shown in Graphs in Fig. 1 -30 .
Final remarks
Eight European laboratories participated in this international comparison of AC voltage ratio standards up to 22 kV at a frequency of 50 Hz. Three different measurement methods were used during the comparison: comparison with a standard transformer, comparison with a capacitive divider and current comparator bridge with standard capacitors. The reference values and their uncertainties were calculated as weighted means according to the above mentioned formulae. The consistency of the CRVs was checked using the χ 2 test and Birge ratio. The confidence coefficient E of individual laboratories was calculated for CRVs, which did not pass the Birge ratio test. Results of laboratories with E > 1,5 were not included in the calculation of the corrected CRVs.
By result processing it was supposed that results of individual laboratories are not correlated. There is no direct traceability between national standards of participating laboratories in this comparison.
Traceability of national standards of some laboratories on PTB was not taken in to account. The correlated component of resulting uncertainty of individual national standards represents only uncertainty of PTB standards. Other components (burden and its power factor, transformer test set, adjusting of measured voltage etc.) are not correlated.
Test measurements have shown that the temperature coefficient of the transport transformers is very low (smaller than 1 ppm/°C) and therefore no correction needs to be applied even for the laboratories measuring at 22°C or 26°C. Individual laboratories included the temperature influence in to their result uncertainties.
The differences from the CRVs and their uncertainties presented in tables and graphs are the results of the comparison.
The good results of this comparison prove the good calibration capabilities of the participants in the field of instrument transformers.
The authors express their thanks to Dr. Hans Bachmair for final review of the Final Report. u(ε r ) [ppm] U(ε r ) [ppm] 
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